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Ol&xtivm. This study sought to evataate prospectively the 
at!Iltehemodpirmieetfeetddual-ch~pcingbyasinga 
combiied bemodynamk approach of high tidetity pressare and 
Doppler veloctty measurements. 
l&u&pad Dllal4!hanllfer pacing has ken proposed recently 
as aa akeraative ia the symptomatk treatmeat of patients with 
bypertrophic obstructive catxliomyopathy. Althoagb early reparts 
doalmentedaderreaseinkllventrklllarout8owtractgradknt 
and symptomatk imp rovemen& qllesttolls remaiualnultthehe- 
modynamic effects of dllamamherpastllgoosystolkanddia- 
stalk kulcti0R 
MetAotfs. lhventy-nine putknts with hypertmphk cardiomm 
athy nnderwent a combined cardiac catl~ebizatioa and Doppler 
edlocswdiiphk study dlwilg smlmal sllllls rhythm and P- 
synchronous pacing at varioas ab%eatrk&r (AV) k&vats. 
High ftdelity pressum measurements of left ventrictdar Mow and 
left atriai press- asce&iq aortk press- tltermodiion 
cardiacoutpatandDoppkrmitraltbwvelacitycorveswere 
OhtOilled t0 W?hltl~ t&l SjXtOiii 8& dhtOiiC h?ft Veotl'kUhU 
hUiCtiOR 
Re.u&DartngAVpacingatthesttortestdelayof6Oms,tltere 
Hypertrophic cardiomyopathy is a unique disease entity con- 
sisting of massive hypertrophy of the myocardium in the 
absence of a known cause (l-3). Patients may present with 
disabling symptoms of exertional dyspne? angina and syncope 
due to various pathophysiologic processes such as abnormali- 
ties of diastolic function as well as systolic function (supranor- 
mal ejection phase, dynamic left ventricular outtlow gradient 
and mitral regurgitation). The treatment for hypertrophic 
cardiomyopathy has been medical therapy with beta- 
adrenergic and calcium channel blocking agents or dkopyra- 
mide (54). In patients who are refractory to medii therapy, 
aala. 
lb4amw$-Jannaryll,l995;revisedman~rwrlved~ 
11,1995, aaqted Aqq 25,199s. 
:Dr.Ri&kNishwa.Divirioaof~ 
e&r Diseza and lntemd htedibe, Mayo Cliiie, 200 Fast Smet SW. 
Raehester, kbneaota 559fl5. 
wasasignitbotdeeressetncardiieomtpat(pC~aad~ 
posittve dP/dt (p c O&5), aa &crease tnmemakftatlialplEsswe 
(p<o.@5)aadaplBbJa@tioaof~tbetimecoastaataf~ 
(p<o.o5),eomppndwithtbatdariagaormatsiass~ 
DariagpaciagattheoptimalAVdeiay@gestAVi&rvalwith 
&KlWXCitMlOll),therc~aShIdltW~With-ia 
hothsy3tolkanddiastoliefmlethm-bntofkssorlMgni- 
tadet&anthatdm+agpaeiagattbesbartestAVbtervakTbe 
septal myectomy has been successfully performed (5,6). Al- 
though excellent relief of symptoms usually OCCUCS; postopera- 
tively, morbidity and mortality are associated with the proce- 
dure. In addition, the surgical expertise requked for this 
operation is limited to a few tertiary referral centers (6-8). 
Recently, dual-chamber pacing was proposed as an alterna- 
tive treatment for symptomatic patients with hype&@k 
obstructive cardiomyopathy (9-11). Early reports have docu- 
mented a decrease in left ventrkuiar out&w gradient as well 
as symptomatic improvement in patients after implantation of 
a permanent dual-chamber pacemaker, PresumaMy because of 
achiingeinseptalactivationfrou~theriglrtventrku!arpacing 
(9-11). However, several questions regarding the hemody- 
namk effects of duabcbmber paciq on bypertrophk car- 
clhmyoptbyremabl unaoswered (12). For instam, the e&t 
ofduaMamberpacingondiast&bctionofthebearthas 
nvtbeenckterminerLAiso,tllehe~~of 
varying the atrioventrkular (AV) interval during d&&am&r 
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pacing have been studied in only a small cohort of patients 
(10). 
To answer these questions, we undertook this study to 
evaluate prospectively the acute hemodynamic effect of dual- 
chamber pacing at varying AV intervals in patients with 
hypertrophic cardiomyopathy. A combined hemodynamic ap- 
proach of high fidelity pressure and Doppler velocity measure- 
ments was used to provide information on changes that occur 
in systolic and diastolic function of the left ventricle. 
Methods 
Study patients. The study group included 30 patients with 
hypertrophic cardiomyopathy and severe symptoms unrespon- 
sive to optimal medical therapy who were referred to the Mayo 
Clinic between October 1992 and March 1994. These patients 
prospectively underwent a combined cardiac catheterization 
and Doppler echocardiographic study to determine acute 
hemodynamic response to dual-chamber pacing. This acute 
hemodynamic study was approved by the Mayo Clinic Institu- 
tional Review Board, and informed consent was obtained from 
each patient. 
‘Ibe study group included 15 men and 15 women (mean 
[-)-SD] age 58 ? 16 years, range 2.5 to 81). All patients were 
receiving medical therapy with either beta blockers (21 pa- 
tients) or calcium channel blockers (4 patients), or both (5 
patients). The diagnosis of hypertrophic cardiomyopathy was 
made with two-dimensional echocardiography, demonstrating 
severe hypertrophy of the myocardium (septum or free wall 
>15-mm thickness in diastole) in the absence of a known 
cause. 
Comprehensive two-dimensional and Doppler echocardi- 
ography was performed in all patients before the acute hemo- 
dynamic study (13). The septal thickness in diastole ranged 
from 1.6 to 3.4 cm (mean 2.2). There was a wide variation in 
the distribution of hypertrophy: six patients had isolated basal 
septal hypertrophy, eigbt had d&se septal hypertrophy, nine 
bad septal hypertropby with anterolateraJ extension, six had 
concentric bypcrtrophy and one had midventricular hypertro- 
phy. Nineteen patients had systolic anterior motion of the 
mitral valve, three had systolic anterior motion of the mitral 
chordal apparatus and eight had no systolic anterior motion of 
the mitral valve apparatus. The diagnosis of left ventricular 
outflow obstruction was made by a late-peaking continuous 
wave Doppler signal across the left vc~tricular outflow tract. 
Gn the basis of this signal, the patients were classi6ed into two 
groups. Group A included 22 patients with a left ventricular 
onthv tract velocity at rest of >3.0 m/s (maximal instanta- 
neous gradient, >36 mm Hg), that is, patients with rest left 
ve&icular outflow obstruction. Group B included the eight 
other patients with no rest left ventricular out8ow obstruction. 
AU group B patients had a left ventricular outfiow velocity 
Cl5 m/s at rest. of these eight patients with no rest obstruc- 
tion, three had gradiem~~ provokable with either amyi nitrite or 
isoproterenoi. 
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Acute hemodynamic pacing study. All patients were stud- 
ied in the fasting state. To determme the response to dual- 
chamber pacing in patients whose medical therapy had been 
maximized, all medications were continued up to the time of 
the study. Light sedation was given to all patients before the 
study and consisted of diaxepam, midaxolam or fentanyl 
citrate. 
To avoid catheter entrapment when measuring left ventric- 
ular outflow gradients, pressures were obtained simultaneously 
from the let, ventricular inflow region and the ascending aorta 
(2,14-16). Transseptal catheterization was thus performed on 
all patients with a Brockenbrough needle and an 8F Mullins 
sheath. The sheath was initially placed in the inflow region of 
the left ventricle, and 21; and 3F high fidelity manometer- 
tipped catheters were placed through the sheath to its distal 
end. The high fidelity pressures were then balanced and 
calibrated to the fluid-filled sheath, as described previously for 
our laboratory (17,18). With the 3F high fidelity catheter in the 
left ventricular inflow tract, the sheath and 2F high fidelity 
catheter were withdrawn into the left atrium. The 2F higb 
fidelity left atria1 pressure was balanced and calibrated to tbc 
fluid-fried catheter in the left atrium. Finally, the high fidelity 
left atrial pressure was balanced to the high fidelity left 
ventricular pressure so that the pressures were the same at 
mid-diastole during long RR intervals. A 6F multipurpose 
catheter was then placed in the ascending aorta just superior to 
the aortic valve. All pressures were recorded at end expiration 
directly into a digital format at 5-ms intervals. 
A thermodilution right heart catheter was placed in the 
pulmonary artery for measuring pulmonary pressures and 
cardiac output. Two 7F temporary pacing wires were placed in 
the right atrium and right ventricle for dual-chamber pacing. 
The atrial pacing wire was placed in the right atriat appendage 
under fluoroscopic guidance. The tight ventricular pacing wire 
was placed in the right ventricular apex under both fluoro- 
scopic and echocardiographic guidance. Also, if there was not 
an initial decrease in the left ventricular outflow tract gradient 
with pacing, the ventricular pacing lead was readjusted to 
determine whether it could be p!aced further into the right 
ventricular aijex. 
Doppler echocardiographic interrogation of the mitral in- 
flow was performed simultaneously with the pressure measure- 
ments (17,19). A pulsed wave sample volume was placed at the 
tip of the mitral valve leaflets as they opened into the left 
ventricle during diastole. The Doppler flow velocity curves 
were recorded directly onto a hard copy paper strip at 
100 mm/s. The electrocardiogram (ECG) and higb fidelity left 
atrial and leti ventricular pressures were placed simultaneously 
onto the hard copy with the mitral flow velocity curves. 
Each patient was studied in the baselme state (normal sinus 
rhythm) and then at different dual-chamber pacing modes. 
P-synchronous pacing was instituted at the following AV 
intervals: 68, 100,120,140, 180 or 240 ms, or until there was 
anterograde AV conduction with fusion beats. Each different 
pacing mode was performed for 5 min for equiliiration of 
hemodynamics. At the end of the 5-min equiliiration period, 
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Table f. Hemodynamic Variables for Group A Patients (rest left ventricular outflow tract gradient) and Group R Patients (no left ventricular 
outflow tract gradient) 
- 
Asccnding Aortic Ldi Ventricular Left Ventricular Mean lafl 
Systolic Preswre Systolic Prewrc Outflow Gradient Cardiac Ourpuc i\trid Fvessurc 
(mm He) (mm W (mm HEI (Men Fin) (mm Hgl 7 (m$) 
Group A (21 patients) 
NSR 123 _f ?7 I!&+43 73 + 45 4.4 z II.9 1h.X + 7.4 572 IJ 
Optimal AV interval 13 f ?X lxx 2 3.1” 63240’ 4.2 z 0.x 19.3 f 7.0 ho 2 Ih 
Group B (X patients) 
NSR 150 + 29 I50 t ?‘I - 4.7 i 1.7 I.i.S 2 4.1 585 15 
Optimal AV interval I50 +_ 35 I50 + 35 - 4.1 1.” IX.4 f 3.4’ (6 t 1x* 
‘p < 0.01 wxs~s normal sinus rhythm. Data presented are mean &JC t SD. hV = atritvcnrricular. NSR = nwmal si ‘I\ rfi. :‘-n: i = rime wn\kmt of relaxation. 
the following measurements were made: high fidelity left 
ventricular inflow pressure, high fidelity left atrial pressure, 
ascending aortic pressure, pulmonary artery pressure, ther- 
modilution cardiac output (average of three to five measure- 
ments with <20’% variation) and mitral inflow velocity curves. 
The optimal AV interval was defined as the longest AV 
interval during P-synchronous pacing with total preexcitation 
as seen on the ECG (11). that is, the longest AV interval in 
which there is full ventricular activation by the pacemaker 
without fusion complexes on the ECG. 
Hemodynamic measurements. All pressure measurements 
were made from the digitized pressures, averaging 5 to 8 
consecutive beats. These included the peak aortic systolic 
pressure, peak left ventricular inflow systolic pressure, left 
ventricular end-diastolic pressure (taken at the peak of the R 
wave on the ECG), mean left atrial pressure and peak pulmo- 
nary artery systolic pressure. For comparison with previously 
published studies, the left ventricular outflow gradient was 
defined as the peak left ventricular inflow systolic pressure 
minus the peak aortic systolic pressure (10,ll). Peak positive 
dP/dt was calculated from the digitized high fidelity left 
ventricular inflow pressure using a seven-point average. TAU- 
the time constant of relaxation-was caidated from the digitized 
high fidelity left ventricmar inflow pressure using the method of 
Weiss et al. (20), in which a zero asymptote is assumed. The 
digitized left ventricular inflow pressures from aortic valve closure 
to mitral valve opening were fit to the equation: 
P(t) = P(0) x e-“i 
where P(0) is the pressure at aortic valve closure, and T is the 
calculated time constant of relaxation (r), as previously de- 
scribed at our laboratory (17,lS). Mitral valve opening was 
defined as the crossover of the left atrial and left ventricular 
pressures, and aortic valve closure was defined as the crossover 
of the left ventricular and aortic pressu-es. 
The mitral flow velocity curves were analyzed in blinded 
manner off-line from the stripchart recordings. Measurements 
of the peak E velocity, A velocity, deceleration time, duration 
of the A velocity and E/A ratio were made from three 
consecutive mitral Bow velocity curves at each hemor’.ynamic 
setting (19). 
Statistics. All hemodlnamic variables were reported as 
mean value + SD. For comparison of the variables between 
normal sinus rhythm, the shortest AV interval and the optimal 
AV interval, a repeated measures of variance test was used if 
a gaussian distribution was present. If normality was not 
present, a Friedman test of repeated measures on ranks was 
used. If a significant difference was present between the three 
time periods, a pairwise multiple comparison was performed 
using a Student-Newman-Keuls test. A paired f test was used 
for subgroup analysis of group A and group B, in which 
variables between normal sinus rhythm and the optimal AV 
inttirval were compared. Statistical significance was set a priori 
at the 95th percentile confidence limit. 
Results 
Baseline data. Of the 30 patients in the study. atrial 
fibrillation developed in one during the procedure; this patient 
was not included in the analysis. This patient had a rest left 
ventricular outflow gradient, leaving 21 patients :n soup A 
(rest left ventricular outflow gradient) and 8 patie Its m group 
B (no rest left verttilar outflow graoicnt). I& baseline 
hemodynami: data for the 29 patients are shown ir TaXe 1. All 
29 patients had hemodynamic measurements made in the 
baseline state and at an AV interval of b!l ms. Because of 
anterograde native AV conduction at the longer W intervals, 
the following number of patients underwent cic&hamber 
pacing at the longer AV intervals: AV interval 3f 100 ms, 20 
patients; 120 ms, 12 patients: 140 ms, 6 patients; 1SO ms, 5 
patients: and 240 ms. 4 patients. 
Resdts ef pa&p, :o all patients: tesdyndc vmiables. 
A comparison was made between hemodynamic variables in 
normal sinus rhythm and the shortest AV interval assessed 
(i.e., an AV delay of 60 ms). There was a significant decrease 
in the systolic ascending aortic pressure from 130 + 29 to 
125 + 29 mm Hg during pacing at an AV delay of 60 ms 
compared with normal sinus rhythm (p < 0.05). A significant 
decrease in cardiac output (p < 0.05) ,& peak positive dP/dt 
(p < 0.05) occurred during pacing at the AV delay of 60 ms as 
compared with normal sinus rhythm (Fig. 1, top). Assesmaent 
of diiolic function variables revealed a sign&ant increase in 
mean lefi atrial pressure (p < 0.05) (Fig. 2) and prolongation 
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Figure 1. Changes in systolic function variables (cardiac 
output [CO] and Peak Positive dP/dt) and diastolic 
function variables (time constant of relaxatlori (l’AU] 
and mean left atrial [LA] pressure) in all 29 patients. 
Variables obtained during normal sinus rhythm (open 
bars) were compared with those obtained at optimal 
atrioventricular (AV) delay (dotted bars) and at the 
shortest AV delay of 60 ms (solid bars). Vertical lines = 
standard error. *p < 0.05 compared with normal sinus 
rhythm. 
of T (p < 0.05) when pacing at an AV delay of 60 ms was 
compared with normal sinus rhythm (Fig. 1, bottom). 
The results of pacing at the optimal AV delay compared 
with that during normal sinus rhythm are also shown in Figure 
1. There was no significant change in the ascending aortic 
pressure. A decrease in the peak positive dP/dt (p < 0.05) 
occurred during AV pacing at the optimal AV interval com- 
pared with that during normal sinus rhythm, but the magnit;rde 
was less than that observed during pacing at an AV inter/al of 
60 ms. There remained a significant increase in mean le:t atria1 
pressure (p < 0.05) during pacing at the optimal AV delay 
compared with that during normal sinus rhythm. There was a 
trend toward a decrease in cardiac output and prolongation of 
7 during pacing at the optimal AV delay compared with that 
during normal sinus rhythm, but this did not reach statistical 
Figurn 2. High fidelity left ve::tr-,-alar and left atrial pressure curves significance. 
demonstraiing increase in mean left atrial pressure occurring during Results of pacing in all patients: ec’Jocardiographic- 
Psyoehro~ous pacing (P-synch) compared with that during normal Doppler variables. The effect of dual-char&r pacing on the 
sinus rhythm (NSR). Top, bring normal sinus rhythm, mean left 
atrial pressure is 22 mm Hg. The increase in atrial pressure from atrial 
mitral flow velocity curves is shown in Figure 4. Overall. there 
contraction occurs before the onset of ventricular contraction. Buttom, 
was no significant change in any of the measured Doppler 
During Psynchmndus pacing at a short atrioventricular interval of variables (E velocity, A velocity, deceleration time, A duration 
60 ms, mean left atrial pressure increases to 30 mm Hg. The increase or E/A ratio) during normal sinus rhythm compared with that 
in atrial pressure from atrial contraction occurs during ventricular during dual-chamber pacing at the optimal AV interval. Thus, 
systole after mitral valve closure, resulting in higher left atrial pressure. there was little change in the mitral flow velocity curve when 
~~ 
the AV delay during dual-chamber pacing was only slightly less 
than that during normal sinus rhythm. 
..I. I;(% ,,._: f.. :., i...: .: I -&m~g:.: j ; : .I,: .- i...;.::. :..;..:-. : ,‘. 
During dual-chamber pacing at the short AV delay of 
60 ms, there was a significant decrease in the A duration (p < 
0.05) and an increase in the E/A ratio (p < 0.05) compared 
with that during normal sinus rhythm (Fig. 4). There was no 
significant difference in the E velocity or deceleration time 
during pacing at a short AV delay of 60 ms compared with that 
during normal sinus rhythm. There were six patients who had 
prolonged native AV conduction at rest (i.e., optimaI AV 
paced interval =140 ms). In these six patients, there was a 
uuiformly higher E velocity and bier E/A ratio during 
dual-chamber pacing at an AV delay of 60 ms compared with 
that during normal sinus rhythm @lg. 5). 
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Figure 3. Mitral flow velocity 
curves in the simultaneous left 
ventricular (LV) and left atrial 
(LA) high fide&y pressure curves 
in two patkts (top and bottom). 
Luf& Doprier flow velocity curves 
and prcsxrc traces during normal 
sinus rlrythm (NSR). Right, Mi- 
tral flow velocity curies and pres- 
sure curves during P-synchronous 
pacing (P-SYNCH) at an atrio- 
ventricular (AV) interval of 
60 ms. In both patients, antero- 
grade AV conduction was nor- 
mal. Therefore, the optimal AV 
delay during dual-chamber pac- 
ing (longest AV delay before an- 
terograde conduction) was 60 ms. 
Thus, there was little change in 
the mitral flow velocity curve 
when the AV delay during dual- 
chamber pacing was only slightly 
less than that during normal sinus 
rhythm. 
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Figure 4. Changes in variables from the mirral flow 
velocity curves in all 29 patients. Top, Mitral flow 
velocity variables of duration of velocity at atrial 
contraction (A dur) and, the E/A ratio shown during 
normal sinus rhythm (open hats) versus optimal atri- 
oventricular delay (AV) (dotted bars) and shortest AV 
delay of 60 ms (solid bars). Bottom, E velocity (E vel) 
and A velocity (A WI) obtained during normal sinus 
rhythm versus optimal AV delay and at the shortest 
AV delay at 60 ms. Veiticnl lines = standard error 
bars. *p < 0.05 compared with normal sinus rhythm. 
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Group A (rest left ventticnlar outflaw gradient). The 21 
patients in group A had a rest left ventricuiar outtlow gradient 
>36 mm Hg during the initial echocardiographic study. The 
average gradient in the baseline state during cardiac catheter- 
ization was 73.3 ? 45.0 mm Hg. Because of the dynamic nature 
of the left ventricular outflow tract gradient, live patients had 
a left ventricular outflow tract gradient ~36 mm Hg at the time 
of catheterization. There was a wide response to dual-chamber 
pacing in individual patients: Nine had a decrease in the left 
ventricular outflow gradient, nine had no change in the gradi- 
ent, and three had au increase in the gradient (Figs. 6 and 7). 
Overall, during AV pacing at an optimal AV interval, there 
was a modest decrease in gradient to 62.8 k 40 mm Hg (p = 
0.03). 
The hetkdyttamic variables obtained during pacing at the 
optimal AV interval compared with those during nomtai sinus 
rhythm in group A patients are shown in Table 1. With the 
decrease in gradient, there was a decrease in left ventricular 
systolic pressure (p < 0.05) during AV pacing versus that 
during normal sinus rhythm. No significant change occurred in 
ascending aortic systolic pressure or cardiac output with dual- 
chamber pacing. Compared with normul sinus rhythm, there 
was a significant increase in mean left atrial pressure during 
pacing ,at the optimal AV interval (p c 0.05). There was a 
trend toward prolongation of r during pacing at the optimal 
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Figure 5. Mitral flow velocity and 
high fidelity left ventricular (LV) 
and left atrial (LA) pressure curves 
in two patients (top and bottom) 
with prolonged native atrioventric- 
ular (AV) conduction at rest. Mi- 
tral flow velocity curves and pres- 
sures during normai sinus rhythm 
(NSR) are silo wn in the left passeIs 
and those ducing P-synchronous 
pacing (P-SYNCH) at a short AV 
interval of 60 nr:. are shown in the 
right paoels. There is an increase 
in E velocity and an increase in E/A 
ratio during P-synchronous pacing 
compared with that during normal 
sinus rhythm. There is also length- 
ening 01 the diastolic filling period 
(DFP) during P-synchronous pac- 
ing. Mean left atria1 pressure is 
higher during P-synchronous pac- 
ing than during normal sinus 
rhythm. 
AV interval compared with that during normal sinus rhythm 
(p = 0.09). 
Group B (na left ventrfcnlar out&w tract gradient). Eight 
patients had no left ventricular outflow gradient during either 
the echocardiographic study or the cardiac catheterization 
study. The hemodynamic variables obtained during drud- 
chamber pacing at the optimal AV interval compared with that 
during normal sinus rhythm are shown in Table 1. There was a 
Pii 6. Scatterplot of changes in left ventricular outflow tract 
(LVO) gradient that occur in normal sinus rhythm (NSR) versus 
dual-chamber pacing at the optimal atriovenlricular (AV) delay. There 
is a significant decrease in left ventricular outflow tract gradient during 
dual-chamber pacing (p < 0.05). 
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P-SYNC)! - 60 msec 
Fll7. High fidelity left ventric- 
ular (LV) and left atriai (LA) pros- 
sum wizh a -t asmding 
aortic prewre (Asc Ao) in three 
patients during normal 5irnls rhylhm 
(NSR) and P-synchronous (P- 
SYNCH)pacingatashortatriovek 
tricUkillIervalof6onS.T~Left 
verlnicular oulRow tract gradient de- 
creasesfrom68to24mmHgwith 
P-synchronous pacing versus nor- 
mal sinus rhythm. Mile, No 
change in left ventricular outflow 
tract gradient (85 mm Hg) with 
P-synchronous pacing versus nor- 
mal sinus rhythm. Bottom, Left 
ventricular out&w gradient in- 
creases from 120 to 14.5 mm Hg 
with Pqnchnmous pacing versus 
normal sinus rhythm. mere is a 
concomitant decrease in central 
aortic pressure with P-synchronous 
pacing versus normal sinus rhythm. 
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significant decrease in the cardiac output (p I’ O.f)j) during 
dual-chamber pacing compared with that during normal sinus 
rhythm. There was a significant increase in the mean left atria1 
prz~ure (p < 0.05) and prolongation of T (p < 0.05) during 
dual-chamber pacing compared with that during normal sinus 
rhythm. 
Discussion 
The. pathophysiology of hypertrophic cardiomyopathy is a 
complex interplay of several different procec*< involving ab- 
normalities of both systolic and diastolic function (2,16). 
Systolic abnormalities include a suptanormal election phase 
that may be accompanied by a left ventrisular outtlo~ gradient 
and mitral regurgita!ion (2,16). Dias;;rlic tYling ~11 the left 
ventricle is markedly impaired by a ptnlongcd rate X’ vcnrrrc- 
ular relaxation and increased myocardial stiffness (24.16). It 
is this diastolic dysfunction that is believed IO have the major 
role in producing the signs and symptoms present ;n the 
majority of patients with hypertrophiccardiomyopathy. with or 
without an accompanying left ventricular outflow gradient 
(2-4,16,21-24). Thus, for any new treatment modality for 
patients with hypertrophic cardiomyopathy, it is essential to 
understand the effect of the treatment on both the diastolic 
and systolic function of the left ventricle. 
Eifect of dmkhamber pacing on left ventricular outBow 
gmdient. Previously published studies have concentrated on 
the effect of dual-chamber pacing on the left ventricular 
out&w gradient (1411). The gradient is caused by the hyper- 
trophiid septum projecting into the left ventricular outflow 
tract during systole, with further obstruction from systolic 
anterior motion of the anterior leaflet of the mitral valve 
(2,16). Displacement of the mitral valve apparatus may also 
have a role in producing the obstruction. It has been proposed 
that pacing from the right ventricular apex alters the pattern of 
septal contraction, interrupting this pathophysiologic sequence 
of events and causing a decrease in gradient (9-11). This 
observation has been supported by two previous series of acute 
hemodynamic pacing studies (lO,ll), as well as by our study. 
However, there was not a uniform response of the left 
ventricular outflow tract gradient to dual-chamber pacing. 
Although there was a statistically significant decrease in gra- 
dim overall with dual-chamber pacing compared with that 
during normal sinus rhythm, some patients had no change in 
gradient, and others even had an increase in gradient (Fig. 7). 
The increase in gradient occurred at the short AV intervals and 
was probably related to inadequate filling of the left ventricle 
from an ineffective atrial contraction. 
Acute changes in the left ventricular outflow tract gradient 
in patients with hyp~=rtrophii cardiomyopathy cannot be reli- 
able indicators of the result of treatment. The gradient is 
&PC -zlent on systolic contractility as well as on the loading 
conditions imposed on the left ventrtcie. This dynamic nature 
GWSS a wide variabiity in the magnitude of the left ventrietdar 
otGk~ tract gradient, even in the absence of intervention. In 
lhe present study, the gradient measured at the time of 
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catheterization was frequently different from the gradient 
obtained in an outpatient setting with Doppler echocardiogra- 
phy. The mean difference between the gradient at the time of 
catheterization versus the outpatient echocardiogram was 5 C 
36 mm Hg, ranging from -57 to +91 mm Hg. This large 
variation reflects the dynamic nature of the gradient and not 
the method of measurement, because the mean difference 
between simultaneously measured Doppler maximal instanta- 
neous gradient and catheter peak to peak gradient was only 
10 i: 6 mm Hg. During the catheterization procedure. it was 
observed that there could be a spontaneous change in gradient 
up to 40 mm Hg in the absence of any intervention. 
Effect of dual-chamber pacing on systolic left veotrienkw 
function. The benefit of dual-chamber pacing in decreasing 
the left ventricular outf!ow gradient must be weighed against 
the possible deleterious hemodynamic effects on left ventricu- 
lar systolic and diastolic function that are described herein. 
Proper timing of the mechanical AV sequence is required fc r 
optimization of left ventricular contraction and filling. Atria1 
contraction at end-diastole allows maintenance of a low atrial 
pressurcb during early and mid-diastole while increasing pre- 
load just before ventricular contraction (25). If the AV interval 
is shorter than the optimal interval, there will be a relatively 
lower preload at the onset of ventricu!ar contraction from 
abbreviation of the atrial contribution to hlling, and stroke 
volume will be reduced (26). This effect was particularly 
evident at the short AV delay of 60 ms, with a significant 
decrease in cardiac output and peak positive dP/dt compared 
with that during normal sinus rhythm. The deterioration of 
systolic function with pacing at short AV delays has also been 
documented in patients with dilated cardiomyopathy (27). 
Effect of dual-chamber pacing on diastolic fimction. Dia- 
stolic filling of the left ventricle is a complex sequence of many 
interrelated events, each of which is difficult to assess and 
measure in the intact heart (2,22,25,28). The data provided in 
our study indicate that dual-chamber pacing results in a 
deterioration of diastolic function in patients with hypertrophic 
cardiomyopathy. Previous studies of the acute effect of dual- 
chamber pacing did not find any significant change in left 
ventricular filling variables (lo,1 1). However, these studies 
were limited by the use of fluid-filled catheters and single- 
pressure measures that were made at enddiastole. In the study 
reported herein, left atria1 pressure measured directly was 
higher during dual-chamber pacing at all AV intervals than 
during normal sinus rhythm. The highest levels of left atrial 
pressure were seen during the shortest AV intervals. This 
increase in left atria1 pressure is probably related to several 
factors, including its effect on ventricular relaxation and intet- 
ruption of the optimal AV synchrony. 
Ventricular relaxation is markedly impaired in patients with 
hypertrophic cardiomyopathy and contributes to the increased 
filling pressures that ate present (2,16,22,26,2f5). The reason 
for impaired relaxation is related to many factors. These 
include 1) an increased contraction load imposed 0~ the left 
ventricle by the outflow obstruction abnormal relaxation load 
from decreased coronary artery filling and Laplace lo;td; 2) an 
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abnormality of deactivation of force-generating sites from 
either ischemia or calcium overload; and 3) nonuniforrrity of 
both load and deactivation in time and space (2,22). The 
decrease in the degree of outflow obstruction should improve 
ventricular relaxation by lessening the contraction load, which 
may account for the less prolonged Twith dual-chamber pacing 
in the patients with obstruction than in those without rest left 
ventricular outflow obstruction. However, the mean T for all 
patients was longer during dual-chamber pacing than normal 
sinus rhythm in our study, indicating an overall detrimental 
effect on ventricular relaxation. In the canine model (29), 
pacing #from the right ventricular apex slows the rate of 
ventricular relaxation because of the heterogeneity of AV 
excitation. Pacing at the very short AV intervals resulted in the 
most marked impairment of ventricular relaxation and is likely 
related to a primary decrease in systolic contraction. 
hveen P-synchronous pacing and AV sequential pacing which 
must be considered when comparing the results of these 
studies (31). Also, the study herein was performed with the 
patients receiving maximal medical therapy, whereas one other 
study was performed in the absence of medication (11). The 
purpose of continuing patients’ medication in our study was to 
determine the effect of dual-chamber pacing in the absence of 
catecholamine-induced stimulation of the left ventricular out- 
flow tract gradient. This may be the reason the maximai 
gradient was lower and the total decrease in gradient with 
dual-chamber pacing was less in our study. As opposed to 
previous studies, we used left ventricular inflow pressure to 
avoid the potential problem of catheter entrapment, which 
may occur in patients with hypertrophic obstructive cardio- 
myopathy (2,14-16). 
When there is inadequate time for atria1 contraction to fill 
the left ventricle fully, the mean left atrial pressure will 
increase because there is a higher residual left atrial volume at 
mitral valve closure. In patients with optimal timing of AV 
synchrony during normal sinus rhythm, the short AV interval 
required to ensure full pre-excitation of the ventricle will result 
in a higher mean left atrial pressure. The results of a previous 
study had been interpreted to indicate that dual-chamber 
pacing produces improved diastolic fitimg of the heart by the 
occurrence of higher ; nd faster eariy peak Ming (9). As shown 
herein, this higher and ta ter early firring is not indicative of 
i--proved diastolic filling; rather, it represents a higher left 
atrial pressure, causing a higher driving pressure across the 
mitral valve in early diastole. 
Study limitations. The present study was not designed to 
determine whether dual-chamber pacing is useful as a clinical 
therapeutic modality in patients with hypertrophic obstructive 
cardiomyopathy. The present study did not examine the effect 
of dual-chamber pacing in the chronic state; rather, 11 at- 
tempted t;; answer questions raised about the effect of pacing 
the right ventricle on systolic and diastolic left ventricular 
function i;l these hypertrophied ventricles. The hemodynamic 
data in the present sturdy were obtained in the rest supine state. 
Differenr effects may be seen during upright exercise, because 
there would be changes in IelI ventricular loading conditions, 
left ventricular contractility and duration of diastolic filling. In 
addition, beneficial hemodynamic effects of dual-chamber pac- 
ing on the left ventricular outflow tract gradient over short- 
term follow-up appear to persist even with the patient back in 
normal sinus rhythm, suggesting that a ventricular remodeling 
effect may occur in response to an altered pattern of ventric- 
ular activation or decreased left ventricular pressure, or both 
(ll:‘@). 
Conclusions. Dual-chamber pacing in selected patients 
with hypertrophic obstructive cardiomyopathy has been shown 
to decrease the left ventricular outtlow gradient and to im- 
prove symptoms. However. the experience is still recent, and 
many questions remain about the short- and long-term effects 
of this therapeutic modality. In the present study of the acute 
hemodynamic effect of dual-chamber pacing it was shown that 
there may be a detrimental effect of pacing the right ventricle 
on both systolic and diastolic function of the left ventricle, 
particularly at short AV intervals. Whether this detrimental 
effect translates into a clinical problem is uncertain. Further 
investigation of the short- and long-term effects of dual- 
chamber pacing in carefully performed randomized studies is 
required before recommending this procedure to all patients 
with severely symptomatic hypzrtrophic obstructive cardiomy- 
opathy. 
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